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Summary
Objective: To determine which characteristics of cartilage lesion pathology are detected in dogs at high risk to develop osteoarthritis prior to
diagnosis by standard radiographs or macroscopic cartilage abnormality on necropsy.
Methods: Fourteen disease-free dogs were assigned to risk groups based on hip distraction index. For seven dogs, three dimensional
images of hip joints from computed tomography were available. At necropsy, ligamentum capitis femoris volumes were measured and
articular cartilage was harvested and analyzed for percent water, swelling, glycosaminoglycan, and fibronectin. Comparisons were made with
nine dogs with macroscopic cartilage lesions (OA group).
Results: Ligament volumes were greater in the high distraction index group (P=0.000). Water content was elevated in the lesion area in both
low and high risk dogs (P=0.000); no additional increase was noted in the high risk group. Glycosaminoglycan content was slightly elevated
in the surrounding area in both groups (P<0.02) but loss was noted histologically in the lesion area of the high risk group. Fibronectin was
increased in the lesion area and in the high risk group (P=0.000). The magnitude of this increase was greatest in the lesion area (P=0.000)
in explants. Computed tomography indicated dorsal acetabular rim impingement on the lesion area in high risk dogs.
Conclusions: Water content and swelling suggest matrix structure is weaker at the site of lesion predilection in all dogs regardless of risk
status. Computed tomography imaging is consistent with site specific initiation of lesions by mechanical factors. © 1999 OsteoArthritis
Research Society International
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Osteoarthritis is a crippling disease in human populations
that progressively destroys the articular cartilage whilst
affecting other joint structures including the joint capsule,
subchondral bone and ligaments.1 Osteoarthritis is also the
invariant consequence of canine hip dysplasia and so dogs
with this disease not only present an important problem for
veterinary medicine, but can serve as an animal model of
human osteoarthritis.2–5 One advantage to the use of
animal models is the ability to look at pathology in the early
stages of the disease. For surgically induced models, this is
a relatively straightforward task. For a spontaneous model
such as canine hip dysplasia in which the inheritance is
complex and in which the contributions of environmental
factors to expression of the disease are considerable, not
all animals will develop the disease. For those which do,
onset and severity may vary widely over periods of several
months. Thus identification of an animal in the earliest
stages of the disease process is much more difficult. For
example, hip dysplasia is sometimes detected radiographi-
cally as early as 4 months of age, but no dog can be
declared disease-free with any confidence prior to two
years of age.486The site of initiation of cartilage lesions is the dorsal
femoral head adjacent to the fovea, or site of insertion of
the ligamentum capitis femoris. The lesions of this model
share the common features of osteoarthritic lesions found
in the surgically induced model in dogs in which the anterior
cruciate ligament is sectioned, as well as in human osteo-
arthritis. These features include net loss of proteoglycan,
increased water content, disruption in the collagen network,
fibrillation, cellular cloning in the presence of overall de-
creased cellularity, and increases in cell matrix adhesion
molecules such as fibronectin, type VI collagen, and
tenasin.6–14 It is hypothesized that the joint instability in
dogs with hip dysplasia, as with ACL transection, alters the
distribution of load within the joint in such a way as to
damage the cartilage and the underlying bone, but direct
evidence of this load redistribution has been lacking to date.
In this study, we make use of recent advances in
radiographic and imaging technologies to select dogs in the
earliest stages of osteoarthritis. In a previous study15 using
the radiographic distraction measurement (PennHipY)
developed by Smith et al.,16 it was found that in Labrador
retrievers, a hip joint with a distraction index (DI) less than
0.3 at eight months of age had a high likelihood (approach-
ing 100%) of remaining free of osteoarthritis (88% with a
DI<0.4 will remain disease free). A distraction index of 0.7
or higher at eight months correctly predicts disease in more
than 85% of dogs less than two years of age with normal
standard radiographs. A distraction index of >0.5 predicts
disease correctly in more than 50% of dogs.
Osteoarthritis and Cartilage Vol. 7 No. 5 487We placed dogs in a high risk or low risk group based on
their DI. On a subset of these dogs an altered joint
geometry was confirmed when computed tomography (CT)
was used on the dog placed in the dorsolateral subluxation
position to reveal displacement of femoral heads.17 Dogs
were then necropsied. Those with visible cartilage lesions
on the femoral head were diagnosed with osteoarthritis (OA
group) and removed from the high risk group. More impor-
tantly, the low risk group included two racing greyhound
dogs. The incidence of hip dysplasia is virtually nil in racing
greyhound dogs. We wished to determine if we could
consistently detect early changes in cartilage biochemistry
and histology in the area of lesion predilection in high risk
dogs which were still normal both by conventional hip
radiography and by macroscopic examination of the
cartilage at necropsy.Materials and methods
MATERIALS
L-[35S]-methionine (1200 Ci/mmol) was obtained from
Amersham (Arlington Heights, IL). Hams F12 and Gey’s
balanced salt solutions were obtained from GIBCO (Grand
Island, NY). ITSCR+ was obtained from Collaborative
Research (Bedford, MA). Peroxidase linked goat anti-
mouse IgG was obtained from Cappel, ICN Pharmaceuti-
cals, Inc. (Costa Mesa, CA). Gelatin Sepharose® 4B was
from Pharmacia Biotech (Uppsala, Sweden). FATAL-
PLUS® (pentobarbital sodium, 380 mg/ml) was from
Vortech Pharmaceuticals (Dearborn, MI).METHODSDogs
The twenty-six dogs examined prior to selection for use
in this study were from a colony of Labrador retrievers and
racing greyhounds maintained at the James A. Baker
Institute for Animal Health expressly for the study of the
genetics and pathogenesis of canine hip dysplasia with its
concomitant osteoarthritis. All dogs were skeletally mature
at the time of necropsy.Radiographic examination
All twenty-six dogs were evaluated by two radiographic
procedures under general anesthesia. Dogs were premedi-
cated with acepromazine (0.02 mg/kg, intramuscular) and
glycopyrrolate (0.01 mg/kg, intramuscular). General
anesthesia was induced with thiopental [10 mg/kg, intra-
venous (IV); veterinary penthothal, Abbott Laboratories,
North Chicago, IL] in the Labradors and crossbreeds, and
propofol (6 mg/kg, IV; diprivan, Zeneca Pharmaceuticals,
Wilmington, DE) in the greyhounds. After intubation,
inhalant anesthesia (halothane, Halocarbon Labs, River
Edge, NJ) was used in the greyhounds to maintain a deep
plane of anesthesia so that palpebral and hind limb with-
drawal reflexes were absent. Anesthesia in the Labrador
retrievers and crossbreeds was maintained by intravenous
thiopental and depth of anesthesia was based on the same
criteria.
For the hip-extended view (Orthopaedic Foundation for
Animals (OFA) standard method for hip evaluation), the
dogs were radiographed in dorsal recumbency. Properpositioning was determined by examining the ventrodorsal
projection for alignment and symmetry.18 These radio-
graphs were read by Dr Ned Dykes, chief radiologist at the
College of Veterinary Medicine, Cornell University. All were
in the normal range (1–3) except for dog B55 which
received a score of 5 for a diagnoses of mild, bilateral hip
dysplasia.
The distraction radiographic method of measuring hip
joint laxity, PennHIPY as described by Smith et al., 1990,16
was performed by one of us (RJT), and the DI determined
as previously described.15 In brief, the distance between
the geometric centers of the femoral head and acetabulum
was measured and divided by the radius of the circle used
for the femoral head to arrive at the DI. Duplicate radio-
graphs were examined for DI in the laboratory of Dr Gail
Smith.
Computed tomography images were available for 18 of
the 26 dogs. These images were obtained with the dog in a
kneeling position identical to that used in a new radio-
graphic procedure developed by one of us (JPF) and
termed the dorsolateral subluxation (DLS) test. A charac-
terization of this method has been published.17 Briefly, the
hindlimbs of the anesthetized dogs were fixed in an
adducted position with medical tape, proximal and distal to
the stifles. The dogs were placed in sternal recumbency in
a kneeling position on a foam pad, with their hock joints
extended and the stifles flexed and placed through a
cut-out opening in the pad. Cotton was placed within the
cut-out opening between the pad and the thighs of the dog
to help stabilize the hind-end. The hole in the pad allowed
both stifles to contact the table directly and transmit force
along the longitudinal axis of the femur to the hip joints,
simulating forces experienced by an unanesthetized dog in
a standing position. The hips were slightly extended so that
the diaphyses were nearly perpendicular to the table but
not superimposed over the femoral heads or acetabulae.
Computed tomography scans were acquired with over-
lapping, transverse slices of the pelvis at the level of the
coxofemoral joints (2 mm thickness, 1 mm index) (PQSDA
F
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Fig. 1. Schematic of round ligament and femoral head areas.
F=fovea, LA=lesion area, SA=surrounding area, DA=distant
area, EW=elsewhere.
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International, Cleveland, OH). Images were reconstructed
in a 512×512 matrix and viewed at bone windows
(W=1500, L=250 and W=3200, L=300). Selected images
were printed onto radiographic film (Kodak Ektascan Laser
Printer, Model 1120; Kodak EIR-7 laser imaging film,
Kodak, Rochester, NY). The percent coverage of the femo-
ral head calculated from these films is correlated with but
not identical to the DLS measure. Both calculations are
described by Farese et al.17
Necropsy
Dogs were euthanized with an overdose of FATAL-
PLUS® and the hips examined. The ligamentum capitis
femoris was removed in its entirety and quantitated by thevolume of water displaced. Typically lesions begin at the
center of a semicircle of cartilage adjacent to the fovea, at
the site of insertion of the ligamentum capitis femoris,
although they may also extend somewhat lateral to the
center on occasion. Cartilage was removed aseptically
from this central area of lesion predilection and termed
lesion area (LA) or, if a lesion was visible, it was collected
as such and termed ‘Lesion’. At the same time, a thick area
lateral to the LA and adjacent to the fovea was occasionally
collected and termed ‘Elsewhere’ or ‘EW’. Cartilage sur-
rounding the LA or Lesion was collected and termed ‘SA’
while cartilage most distant from the lesion and near the rim
of the femoral head was collected and termed ‘DA’. A
schematic of the femoral head and sites as harvested is
depicted in Fig. 1. Alternatively, cartilage was collected
from the femoral head in three concentric rings surroundingFig. 2. Computed Tomography (CT) of canine hip joints. These CT photographs illustrate the dynamics of hip joint laxity as it might occur in
the ambulating animal. The anesthetized dog is placed in a ‘kneeling position’ with its weight on the stifle joints to simulate the natural forces
acting on the hip joint. Dog C66 was diagnosed as having moderate laxity but was not dysplastic in the standard radiographic position. Note
how the dorsal acetabular rim is impinging on the subluxated femoral head at the fovea, the classic site for the primary cartilage lesion. In
contrast, dog C46, diagnosed as having mild laxity and normal hips, does not show the dramatic subluxation present in her littermate.Table I
Dogs selected for study
Dog # Age at
necropsy
Breeding OFA standard
radiograph
score
PennHip®
DI
CT
score
(%)
Ligament
volume
(ml)
Cartilage
study
OA group (macroscopic lesion):
B55 14 months Lab D×D 5 0.76 — 0.80 Explant
C16 11 months Lab D×D 5 0.58 27.5 1.15 *
E16 18 months Lab D×D 5 0.78 25.0 0.80 *
E26 18 months Lab D×D 5 0.81 27.5 0.70 *
E46 9 months Lab D×D 2 0.65 38.5 0.60*
E56 18 months Lab D×D 3 0.60 31.0 0.80*
E55 18 months Lab D×D 5 0.67 38.0 0.75*
H75 18 months Lab D×D 6 0.85 25.0 1.10*
H85 12 months Lab D×D 6 0.58 33.5 0.65*
Mean±SD 15.1±3.7 4.7±1.3 0.70±0.11 31.2±5.1 0.81±0.20
(N=9) (N=9) (N=18) (N=16) (N=18)
High risk group (no macroscopic lesion):
C25 12 months Lab D×D 2 0.65 — 0.80 Explant
C65 18 months Lab D×D 2 0.60 — 0.85 Explant
C36 12 months Lab D×D 3 0.59 43.5 0.65 AH
C66 10 months Lab D×D 3 0.56 26.0 0.95 Explant, AH
E66 9 months Lab D×D 2 0.69 36.0 0.65 AH
GX-65 12 months Lab×GH D×N 2 0.50 36.0 0.73 AH
C76 18 months Lab D×D 2 0.61 — 0.85 AH
C86 18 months Lab D×D 3 0.60 — 0.75 AH
Mean±SD 13.6±3.8 2.4±0.5 0.60±0.08 35.3±7.0 0.78
(N=8) (N=8) (N=16) (N=8) (N=16)
Low risk group (no macroscopic lesion):
IG-56 8 months GH N×N 2 0.23 — 0.5 Explant, AH
IG-76 12 months GH N×N 2 0.21 — 0.6 Explant, AH
C-46 10 months Lab D×D 2 — 55.5 0.6 Explant, AH
AX-46 11 months Lab×GH D×N 1 0.28 52.5 0.8 AH
BX-46 11 months Lab×GH D×N 1 0.30 53.5 0.6 AH
FB-67 9 months Lab×1/2 Lab, 1/2 GH 2 0.28 — 0.6 AH
Mean±SD 10.2±1.5 1.7±0.5 0.27 ±0.04 53.8±1.7 0.62±0.12
(N=6) (N=6) (N=12) (N=6) (N=11)
OFA=Orthopaedic Foundation for Animals standard method for hip evaluation; DI=Distraction Index; CT=Computed Tomography;
SD=Standard Deviation; Lab=Labrador retriever; GH=Greyhound; D=Dysplastic, N=Normal; AH=at harvest.
DI, CT scores, and ligament volumes are recorded as an average of right and left hips, but individual scores and measures were used to
calculate the mean and standard deviation for each Group.
*Cartilage used in other projects.
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areas of lesion predilection and the concentric ring nearest
the fovea were both considered to be lesion area (LA) and
were compared with the adjacent surrounding area (SA).
Selection criteria
Of the group of 26 dogs in our colony of Labrador
retrievers and racing greyhounds which were available for
this study, six were assigned to the low risk group on the
basis of the DI radiographic method of measuring hip joint
laxity.15,16 These dogs all had a DI<0.3 and no visible
cartilage lesions on necropsy. Of the remaining 20, three
with a DI>0.3 but<0.5 were not easily classified. Nine dogs
already had visible lesions on necropsy (OA reference
group). Six met the criterion for the high risk group in this
study: DI>0.5, excellent to fair on standard radiographs,
and no visible cartilage lesions at necropsy. Computed
tomography scans were performed on 18 of the 26 dogs to
assess dorsolateral subluxation.17 At necropsy, the volume
of the ligamentum capitis femoris was measured and
cartilage (area of lesion predilection, LA; surrounding area,
SA; and distant area, DA) was either harvested directly or
placed into explant culture for two days.Explant culture
Replicate cartilage samples were placed in culture in
24-well plates in defined medium using basal Hams F12
plus the insulin containing serum-free supplement,
ITSCR+, calcium, ascorbic acid and antibiotics as
described previously.19 Cartilage was cultured for two days
at which time the medium was changed and incubated for
another two to three hours prior to addition of 35[S]-
methionine at concentrations of 12 or 24 uc/ml. After twenty
hours, the explant culture was terminated and the cartilage
weighed, transferred to Gey’s balanced salt solution and
shaken for 45 min at 4°C. The Gey’s wash was combined
with the original culture medium and the cartilage was
washed for two successive 45 min intervals with 0.5 ml of
0.01 N NaCl. At the end of this period, cartilage was
weighed and swelling in hypotonic solution calculated.20,21
The cartilage was then frozen in Gey’s balanced salt at
−20°C until further analyses.Biochemical, biosynthetic, and immunochemical
assays
Dry weight was determined after two successive 30
minute incubations in acetone as previously described.4
Cartilage was then extracted with 4 M urea in 0.05 M
phosphate buffer, pH 7.2 and fibronectin was quantitated by
ELISA assay on the urea extract as previously described.22
Newly synthesized 35[S]-fibronectin in the urea extract was
determined after purification of the fibronectin on gelatin
affinity columns.5 Newly synthesized 35[S]-proteins in the
urea extract were assessed by counting in a Beckman
scintillation counter. The cartilage residue was solubilized
by digestion with papain. An aliquot of the papain digest
was counted to determine total 35[S]-proteins. Gly-
cosaminoglycans (GAG) were determined by the dimethyl-
methylene blue assay of Farndale.23 Although fibronectin is
also released in the medium during explant culture, this
study focused specifically on fibronectin retained by the
cartilage as the most sensitive indicator of early osteo-
arthritis since it is known that fibronectin retention isincreased in osteoarthritic lesions.5 Furthermore, in one
dog (C25), when both medium and cartilage were analysed
for newly synthesized 35[S]-fibronectin, only the cartilage
showed interesting site-specific increases in the LA.
There was not always sufficient urea extract available for
ELISA, gelatin ULTRO gel, and GAG analysis so the data
presented as total GAG in this study does not include the
GAG present in the urea extract. In our experience, urea
extracts predominantly small proteoglycans and almost
nothing that coelutes with aggrecan on a sepharose CL-2B
gel filtration column is found in the urea extract [unpub-
lished observations]. Thus the GAG data presented in this
study is likely to reflect aggrecan concentrations almost
exclusively.Histology
One aliquot of cartilage from the LA, SA, and DA of Dogs
C25, C46, C66 and IG76 was cultured in parallel with the
other replicates but no radioactivity was added. When the
experiment was terminated, these aliquots of cartilage
were fixed in either ruthenium hexamine trichloride or 4%
buffered formalin. They were embedded in paraffin blocks
and 10 micron sections were stained with toluidine blue.
Surface intactness, evidence for chondrocyte clustering,
and localized depletion of proteoglycan were assessed.Statistical methods
Data were analyzed by a two-way ANOVA (General
Linear Model) with respect to site and risk group. The
significance of differences with respect to site on the
femoral head, and with respect to assignment to the high or
low risk group by DI are presented in the Tables 3 and 4.
The influence of risk group (DI) on site-specific variation
was assessed by the interaction term shown in the final
column of Tables 3 and 4. Significance was set at P £ 0.05.
For Table 2, data was analyzed by a one-way ANOVA with
respect to site. Computed tomography and ligament vol-
ume data were also analyzed by a one-way ANOVA with
respect to site.ResultsLIGAMENTUM CAPITIS FEMORIS VOLUME AND JOINT GEOMETRY
AS ASSESSED BY COMPUTED TOMOGRAPHY IN HIGH AND LOW
RISK DOGS
Of 26 dogs available, 23 which had an average DI £ 0.3 or
‡ 0.5, were part of this study (Table 1). At necropsy, not one
of the six dogs with a DI£ 0.3 had a visible lesion on the
femoral head. As set forth in Methods, this was the low risk
group with an average DI of 0.25±0.04. Of the 17 dogs with
a DI‡ 0.5, nine had visible lesions at necropsy. Lesions
were characterized by a roughened and softer appearance
in comparison to the adjacent smooth and glistening carti-
lage. This was the OA reference group with an average DI
of 0.70±0.11. Eight had no visible lesions at necropsy. This
was our high-risk group with an average DI of 0.60±0.08.
An earlier study identified an increase in the volume of the
ligamentum capitis femoris as one of the earliest changes
that can be identified in a dysplastic joint.24 The volume of
the ligamentum capitis femoris in the low risk group aver-
aged 0.62±0.12 ml; N=11, and was significantly less
(P=0.008) than in the high risk group (0.78±0.14 ml;
Osteoarthritis and Cartilage Vol. 7 No. 5 491N=16) and in the OA reference group (0.82±0.20 ml;
N=18).
Scores derived from CT images also differed. The low
risk group was significantly higher (P=0.000) (53.8±1.7%;
N=6) than either the high risk group (35.2±7.0%; N=8) or
the OA reference group (31.2±5.1%; N=16). Computed
tomography images from two dogs, littermates, one from
the low risk group (C46) and the other from the high risk
group (C66) are reproduced in Fig. 2. If one compares the
images of the hips of these two dogs one notes that in Dog
C66 (average DI=0.56, CT score=29% and 23%, L and R),
the dorsal acetabular rim is impinging on the subluxated
femoral head at the fovea, the classic site for the primary
cartilage lesion. In contrast, contact between acetabulum
and femoral head is more extensive and smooth in Dog
C46 (DI=0.20, 0.24; CT score=54% and 57%). The
changes in joint geometry in the high-risk dogs suggests
that site-specific, disease-related, biochemical or histo-
chemical changes in dogs from the high-risk group might
be detectable at this early stage.
BIOCHEMICAL AND HISTOCHEMICAL PARAMETERS IN HIGH AND
LOW RISK DOGS
Clear and highly reproducible changes in the cartilage
composition of a frank osteoarthritic lesion include an
increase in percent water, a loss of proteoglycan and an
increase in the glycoprotein, fibronectin. This has been
repeated extensively for this model and reported pre-
viously.4,22 Nevertheless, to be certain that the culture
conditions and manipulations performed in these exper-
iments would not obscure or reduce the differences
between a lesion and the surrounding cartilage, one dog
was selected from the OA reference group. The cartilage
from the femoral head was placed in explant culture and
analyzed as described in Methods. The results are pre-
sented in Table 2 and are entirely consistent with expected
values.Cartilage was obtained from the femoral heads of three
dogs in the low DI and three dogs in the high DI groups and
analyzed as described for explants in the Methods. The
findings for explants are summarized in Tables 3 and 4.
Cartilage was collected for analyses at the time of necropsy
from an additional four dogs in the high-risk group and
three dogs in the low-risk group. At-harvest data are
summarized in Figs 3,4 and 5. The first thing we note is that
cartilage from the area of lesion predilection in explants has
a significantly higher water content and a significantly
increased tendency to swell in hypotonic solution than do
other areas on the femoral head. This area-dependent
variation in water content, however, appears to be un-
related to the predicted disease susceptibility (Table 3).
Water contents for EW areas were usually less than LA but
greater than SA and DA. A similar elevation in water content
was observed in the LA of cartilage taken at harvest from
both high and low risk groups (Fig. 3).
The GAG concentration of explanted cartilage, which as
measured probably reflects primarily the concentration of
aggrecan (see Methods), was slightly higher in the central
(SA) areas of the femoral head and generally higher in the
high DI group. Both of these trends were statistically
significant, but no area-specific variation as a result of
being in the high risk group was detected. The results are
the same if the data is presented normalized to dry weight
rather than wet weight (Table 3). Histological examination
of sections taken from the area of lesion predilection in Dog
IG76 (low risk), Dog C46 (low risk), Dog C25 (high risk),
and Dog C66 (high risk), however, points to highly localized
regions of proteoglycan loss and an occasional loss of
surface integrity in the LA of the high-risk group even at this
very early stage of disease progression (Fig. 6b). This can
be compared to the LA of the low-risk group (Fig. 6a).
Furthermore, the SA and DA from either risk group did not
show localized proteoglycan loss on histological examina-
tion (not shown). At harvest data were consistent with
respect to a small general increase in GAG in the high risk
group and in the SA (Fig. 4).Table II
Markers of osteoarthritis in the fibrillated cartilage from the femoral head of a dog with canine hip dysplasia and
osteoarthritis
Lesion SA DA Lesion/DA Significance*
site
% H2O 80.1±1.6%(4)
73.5±2.2%
(8)
71.9±1.5%
(8)
+8.2% P=0.000
Swelling +7.9±9.7%
(4)
+0.63±1.1% +1.6±3.0% +6.0% P=0.05
GAG content ìg/mg wet 14±6
(4)
33±12
(8)
33±10
(8)
0.42 P=0.016
FN content ngm/mg wet 1167±98
(2)
172±12
(3)
229±89
(4)
5.1 P=0.000
FN synthesis CPM/mg wet 864±545
(2)
235±160
(4)
438±356
(4)
2.0 P=0.156
Total protein synthesis CPM/mg wet 33,398±5422
(2)
33,390±10,224
(4)
39,237±5982
(4)
0.85 P=0.557
FN synthesis % extracted protein 20.5±18.7%
(2)
4.5±2.6%
(4)
7.0±5.3%
(4)
2.9 P=0.129
Cartilage was harvested from the frank lesion (macroscopically fibrillated) on the femoral head of a dysplastic
dog and from the area surrounding the lesion (SA) and from the more distant areas (DA) as described in
Methods. Explants were cultured in the presence of 35S-methionine. % H2O, swelling, GAG and fibronectin
content and synthesis were determined (see Methods).
*Data were analysed in a one-way ANOVA and significance of differences with respect to site on the femoral
head is shown in the last column. Significance is set at P£ 0.05. The numbers in parenthesis refer to the number
of replicate samples in each group.
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increased in dogs from the high risk group and this increase
was greatest in the area of lesion predilection (LA). The site
dependent variation in fibronectin content was very much
related to the predicted disease susceptibility (P=0.000 for
interaction site×DI). The results are also the same if the
data is normalized to dry weight rather than wet weight
(Table 3). Consistent with these findings, newly synthe-
sized fibronectin retained in the matrix, detected as 35S-
fibronectin (see Methods), was significantly increased in
the surrounding area (SA) and area of lesion predilection
(LA) of the high-risk group. Again, the largest increase was
observed in the area of lesion predilection (LA). In contrast,
changes in newly synthesized total protein in the matrix,
while significant, were of much smaller magnitude
(Table 4). A similar increase of fibronectin in the LA was
found in cartilage collected for analyses at the time of
necropsy; however, unlike the explant experiment, the
magnitude of this increase was similar in both the low and
high risk groups. A small but significant general increase
in fibronectin in the high risk group was also observed
(Fig. 5). Table 5 is a summary table which puts the
magnitude of changes in the lesion area in high and
low-risk dogs in perspective with the magnitude of changes
which are observed in frank lesions with macroscopic
fibrillation.Discussion
SITE-SPECIFIC VARIATION IN COMPOSITION OF FEMORAL HEAD
CARTILAGE
Variations in composition and cartilage thickness over
the surface of the human femoral head have been
reported.25,26 In the canine hip osteoarthritis model used in
this study, the site of the initial lesion is unambiguously
perifoveal and usually centrally located.2 In this region, we
noted an increased water content in dogs at both low and
high risk for developing canine hip dysplasia and the
concomitant osteoarthritis. Kempson et al.27 and Cameron
et al.28 have found that the softest cartilage on human hips
is at or near the fovea. Roberts et al.25 found an inverse
correlation between compressive stiffness and water con-
tent so, although we have not yet performed mechanical
studies, we suspect that the canine perifoveal area is also
softer than other areas on the canine femoral head. In
contrast, Maroudas et al.29 and Venn and Maroudas30
reported small but parallel elevations in cartilage thickness
and GAG content in the superior-anterior compared with
the inferior-posterior regions of the human femoral head
and an increased GAG (FCD) content at the superior
surface compared with the perifoveal area, but these differ-
ences were only significant when fibrillation, more commonTable III
Matrix composition of cartilage explants obtained from dogs with low (0.22±0.02) and high (0.60±0.10) Distraction Indices
LA SA DA LA/DA* Significance†
Site DI Site×DI
% H2O
Low 74.7±2.1% (12) 71.2±1.6% (18) 70.8±1.2% (19) +3.9% P=0.000 P=0.143 P=0.680
High 74.0±1.0% (10) 70.3±1.5% (18) 70.6±2.7% (18) +3.4%
Hi/Low 0.99 0.99 1.0
Swelling
Low +1.7±2.4% (11) +0.9±2.1% (17) −0.1±2.1% (18) +1.8% P=0.007 P=0.526 P=0.969
High +1.4±1.6% (12) +0.7±2.1% (22) −0.5±1.9% (20) +1.9%
Hi/Low 0.82 0.78 5.0
GAG content ìg/mg wet
Low 28±10 (11) 34±13 (18) 32±9 (19) 0.9 P=0.042 P=0.000 P=0.284
High 39±15 (12) 46±14 (22) 36±14 (22) 1.1
Hi/Low 1.4 1.4 1.1
GAG content ìg/mg dry
Low 109±39 (11) 117±42 (18) 109±29 (19) 1.0P=0.028 P=0.043 P=0.185
High 129±30 (10) 147±39 (18) 108±38 (18) 1.2
Hi/Low 1.2 1.3 1.0
FN content ngm/mg wet
Low 81±44 (11) 72±25 (17) 72±32 (16) 1.1 P=0.000 P=0.000 P=0.000
High 290±116 (12) 147±61 (22) 125±50 (22) 2.3
Hi/Low 3.6 2.0 1.7
FN content ngm/mg dry
Low 317±166 (11) 200±96 (17) 246±105 (16) 1.3 P=0.000 P=0.000 P=0.000
High 1134±509 (10) 501±212 (18) 417±161 (18) 2.7
Hi/Low 3.6 2.5 1.7
Cartilage was harvested from the area of lesion predilection (LA), the surrounding area (SA) and the more distant area (DA) as described
in Methods. % H2O, swelling, GAG content and fibronectin content were determined (see Methods).
*Differences in % H2O and Swelling between the LA and DA are expressed as ˜ (LA-DA). Differences in GAG content and FN content
between the LA and DA are expressed as a ratio (LA/DA).
†Data were analysed by a two-way ANOVA (General Linear Model) and significance of differences with respect to site on the femoral head,
and with respect to assignment to the high or low risk group by Distraction Index (DI) is presented in fifth and sixth columns of the table. The
influence of risk group (DI) on site specific variation was assessed by the interaction term shown in the final column. Significance was set
at P £ 0.05. The numbers in parenthesis refer to the number of replicate samples in each group.
fore, when we found a significant increase in water content
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Fig. 3. The percentage of water in cartilage at sites of femoral
heads. Cartilage was harvested at necropsy from the area of lesion
predilection (LA), or from a more extensive area surrounding the
fovea and from the surrounding area (SA) on the femoral heads of
dogs from the low DI (low risk: /) and high DI (high risk: .)
groups as described in Methods and in Table 3. The percent H2O
was determined as described in Methods. The site specific differ-
ence was significant at P=0.000. The slightly lower percent H2O in
the high risk group was significant (0.000). The data were obtained
from a total of six low risk dogs and five high risk dogs with
combined replicate samples analyzed ranging from 20 to 24.70
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Fig. 4. Glycosaminoglycan (GAG) content of cartilage on femoral
head. Cartilage was harvested at necropsy from the area of lesion
predilection (LA), or from a more extensive area surrounding the
fovea and from the surrounding area (SA) on the femoral heads of
dogs from the low DI (low risk: /) and high DI (high risk: .)
groups as described in Methods and in Table 3. The GAG content
per wet weight was determined as described in Methods. Differ-
ences in site were significant at P=0.016 showing a slight elevation
of the SA relative to the LA. Differences between the low and high
risk group were significant at P=0.001. The data were obtained
from a total of four low risk and four high risks dogs with combined
replicate samples analyzed ranging from 17 to 24.in the perifoveal region in human osteoarthritis, was also
visible. Also, water content was not elevated in the
perifoveal area prior to fibrillation in their studies. There-in the LA in dogs of the low risk group, it was important to
eliminate the possibility that, despite radiological predic-
tors, these dogs were already showing signs of early lesion.Table IV
Comparison of fibronectin and protein synthesis in cartilage explants obtained from dogs with low (0.22±0.02) and high (0.60±0.10)
Distraction Indices
LA SA DA LA/DA† Significance‡
Site DI Site×DI
FN synthesis CPM/mg wet
Low 1030±250 (12) 870±290 (18) 1000±350 (19) 1.0 P=0.000 P=0.000 P=0.000
High 2111±500 (10) 1350±300 (18) 1000±330 (18) 2.1
Hi/Low 2.0 1.6 1.0*
Total protein synthesis CPM/mg wet
Low 16,200±2000 (11) 20,200±3000 (18) 20,200±3400 (19) 0.8 P=0.038 P=0.027 P=0.015
High 20,400±2200 (10) 20,000±2800 (18) 1.0
Hi/Low 1.3 1.0 1.0*
FN synthesis CPM/mg dry
Low 4100±1065 (11) 2996±903 (18) 3417±1151 (19) 1.2 P=0.000 P=0.000 P=0.000
High 8662±2010 (8) 4768±993 (14) 3367±988 (14) 2.6
Hi/Low 2.1 1.6 1.0*
Total protein synthesis CPM/mg dry
Low 63,978±8066 (11) 69,320±9268 (18) 68,904±11,840 (19) 0.93 P=0.558 P=0.009 P=0.019
High 79,582±6312 (8) 71,680±8304 (14) 68,710±10,990 (14) 1.2
Hi/Low 1.3 1.0 1.0*
FN synthesis % extracted protein
Low 5.6±2.7% (12) 4.6±1.4% (18) 5.9±2.4% (19) 0.95 P=0.106 P=0.000 P=0.109
High 12.4±7.1% (10) 8.9±5.6% (18) 7.9±4.3% (18) 1.6
Hi/Low 2.2 1.9 1.3
Cartilage was harvested from the area of lesion predilection (LA), the surrounding area (SA) and the more distant area (DA) as described
in Methods and cultured in the presence of 35S-methionine. Newly synthesized fibronectin and total protein were determined (see Methods).
*For the samples obtained from one animal, each explant was normalized to the average of all samples from the Distant Area (DA). This
allows comparison across experiments in which precursors of different specific activity were used and in which rates of synthesis varied
widely.
†Differences in fibronectin and protein synthesis between the LA and DA are expressed as a ratio (LA/DA).
‡Data were analysed by ANOVA as for Table 3. The numbers in parenthesis refer to the number of replicate samples in each group.
canine hip dysplasia.
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Site specific origins for human osteoarthritis are implied
from the discussion above. In the spontaneous model of
canine osteoarthritis as noted, focal lesions invariably first
appear in the perifoveal region adjacent to the insertion of
the ligamentum capitis femoris. A recent paper confirms site
specific and focal origins of cartilage fibrillation and erosion
in a surgically induced model (anterior cruciate ligament
transection) of osteoarthritis in the rabbit,33 and in the dog,
the magnitude of the response to surgical transection of the
anterior cruciate ligament varied with anatomical site.34 In
spontaneous mouse models of osteoarthritis involving STR/
ORT and STR/IN strains, it is intriguing that in one report
the first indication of cartilage damage occurs at a ligament
bone junction (cruciate ligament with medial tibial con-
dyle).35 In a surgical model designed to mimic spontaneouship dysplasia, a semilunar area just superior to the ligamen-
tum capitis femoris is also the site of the initial lesion.36
Consistent with these other osteoarthritis models, the carti-
lage lesions which are present at necropsy in dogs with a
diagnosis of hip dysplasia on standard radiographs are also
perifoveal. The genetic or traumatic challenge to the joint in
hip dysplasia occurs early in life and might be considered a
developmental abnormality, while post injury osteoarthritis
more often affects the adult, yet the changes in the cartilage
are similar. In addition to the focal origin, they include
fibrillation, chondrocyte clusters, loss of proteoglycan, loss
of cells, changes in the size and integrity of the collagen
fibrils, increased water content, and elevations in fibro-
nectin synthesis and retention.6 Furthermore, some adult
onset human hip osteoarthritis may well be the result of
congenital and developmental deformities.37 The signifi-
cant difference in ligament volumes between the dogs with
low DI (low risk) and high DI (high risk) in this current study
confirms the finding of an earlier study which placed
changes to the ligamentum capitis femoris very early in the
pathogenesis of the osteoarthritis which accompanies
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Fig. 5. Fibronectin content of femoral head cartilage. Cartilage was
harvested at necropsy from the area of lesion predilection (LA), or
from a more extensive area surrounding the fovea and from the
surrounding area (SA) on the femoral heads of dogs from the low
DI (low risk: /) and high DI (high risk: .) groups as described in
Methods and in Table 3. The fibronectin content per wet weight
was determined as described in Methods. Significant differences
with respect to site (0.000) and risk (0.004) group were observed.
The data were obtained from a total of six low risk and five high
risks dogs with combined replicate samples analysed ranging from
19 to 24. MATRIX CHANGES IN CARTILAGE PRELESIONS
On the basis of DI, we selected animals for study of
biochemical changes in the prelesion cartilage on the
femoral heads of dogs at high risk (high DI) for developing
osteoarthritis. While a link between altered patterns of
loading and the initiation of osteoarthritis has long been
assumed, the CT images obtained in this study allowed us
for the first time to visualize such a link. Our hypothesis was
that excessive loading adjacent to the fovea would trigger
matrix damage at this site which would be evidenced by
increased water content and/or increased swelling. We
anticipated that this study would be sufficiently early to
permit identification of a hypertrophic phase, if it exists.
Thus we anticipated a possible elevation of the GAG
content in the area of lesion predilection. Since mild eleva-
tions in fibronectin have been noted in the area of the
femoral head which surrounds frank lesions prior to the
expansion of the lesion into this area,5,6 and while proteo-
glycan content is still in the normal range,38 we also
postulated that an elevation in fibronectin will occur early in
the pathogenesis of osteoarthritis.
Contrary to expectations, we found elevated water con-
tent and increased swelling in hypotonic solution in the LA
regardless of risk factor, but no additional increase in water
content at this early stage of the disease in high-risk dogs.
In the present study, generalized increases in GAG and
fibronectin content over the whole joint were noted in the
high-risk group but these were mild, while focal loss of GAG
was already noted histologically in the LA. For comparison,
cruciate deficient dogs of the ACL transection model exhibit
an extensive hypertrophic phase which has been docu-
mented at the level of both protein synthesis and gene
expression39 and may last as long as three years before
extensive cartilage loss.11,12 Hypertrophy may be a com-
mon early stage on the path to cartilage loss with the
magnitude and duration likely to vary in response to factors
not yet identified.
Fibronectin was also increased in the LA in both high
and low risk groups. One apparent inconsistency in the
data is the difference in magnitude of fibronectin increase
in the LA of the low-risk dogs at harvest and after explant
culture. However, data from explant culture can provideHowever, the same finding of elevated water content in the
LA of the two Greyhounds which have almost no chance of
developing pathology, confirmed that we have identified a
real site specific variation in canine cartilage structure.
Further swelling in hypotonic solution would tend to support
that conclusion. It must be noted that we measure wet
weight after equilibration in physiological solution, not
immediately after excision. Our own observations support
the view that excised cartilage swells to varying degrees
even in physiological saline (unpublished observations).
Maroudas and Venn31 and Maroudas et al.32 observed that
excised osteoarthritic cartilage will swell significantly in
physiological solution while swelling of normal cartilage is
minimal. Thus we may have facilitated revelation of a
structural weakness by measuring wet weights after
excision and equilibration in physiological saline.
We also observed an elevation of GAG content in the SA
and of fibronectin content in the LA of both low and
high-risk dogs. These observations further support the
presence of a normal site-specific variation in composition
of the femoral head.
Osteoarthritis and Cartilage Vol. 7 No. 5 495Fig. 6. a & b. Histology sections of femoral head articular cartilage. Cartilage was harvested, fixed and embedded in paraffin as stated in
Methods. Ten micron sections were stained with toluidine blue. (a) Depicts a section of the lesion area from dog C46, a dog from the low risk
group. Note the relatively intact surface and uniform staining. Similar results were found in sections of the lesion area from Dog IG76.
(b) Depicts a section of the lesion area from dog C66, a dog from the high risk group. Note the localized depletion of staining for proteoglycan.
Similar results were found in sections of lesion area from dog C25. Magnification: 1 cm=50 ì.
(a)
(b)valuable information. Although Venn et al.40 reported that
differences between OA and normal cartilage in vivo may
be lost in explant culture, other studies, e.g., those of
Lafeber et al.41 and Webb et al.42 provide evidence that
differences between OA and normal cartilage are main-
tained or even revealed during explant culture. Lafeber
et al.41 reported differences in PG synthesis and in
response to intermittent hydrostatic compressive force
between OA and normal cartilage after four days inculture. Webb et al.42 found that OA cartilage was more
responsive to TNFÆ than normal cartilage even after
fourteen days in explant culture. Since newly synthesized
fibronectin is preferentially retained by the matrix in
explant cultures of OA lesions,5,43 it may be that the
greater elevation in fibronectin content in the LA of
explants from the high risk group compared to the low-
risk group revealed matrix changes, not apparent at
harvest, which favored fibronectin retention.
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Dr Ned Dykes for evaluating the standard, hip extended,
radiographs.
496 N. Burton-Wurster et al.: Matrix change in early OA lesionAny elevation in levels of fibronectin may be
ccompanied by increased levels of fragments which have
een show to be mediators of cartilage destruction.44
urthermore, a large proportion of fibronectin in cartilage is
n isoform which is smaller than other fibronectins by virtue
f alternative splicing which deletes exon coding for the
II-15 and I-10 segment.45 The effect of increased levels of
his isoform on matrix turnover has not yet been examined.
In summary, elevation of water and fibronectin in the
rea of lesion predilection may reflect a matrix that is more
usceptible to injury at this site. Computed tomography
mages of the high risk compared to the low-risk group were
ompatible with initiation of lesions at this site by mechan-
cal factors in the high risk-group. However, since water
ontent and swelling was not further increased in the
igh-risk group, mechanical damage to the collagen net-
ork at this stage seems unlikely. We cannot exclude
ellular damage or trauma leading to the local loss of
roteoglycans, which was observed histologically in the LA
f the high-risk group. Very modest generalized increases
n cartilage GAG and fibronectin contents in the high risk
roup are consistent with the mild hypertrophic response
een early in other models, and are perhaps related to joint
ide changes including the enlarged ligament and/or
elease of factors from injured cells. Retention of fibronectin
n the LA of the high risk group in explant cultures is
onsistent with properties that will appear later as macro-
copic lesions develop. Other properties of macroscopic
esions include water contents of as much as 80%,
bronectin contents in excess of 1000 ng/ml, overall GAG
ontents less than half of disease-free, fibrillation, and
hondrocyte clustering. It will be important to learn what
ontrols the progression from very early changes in the
oints of high risk dogs with altered biomechanics to the
acroscopic lesions in dogs diagnosed with osteoarthritis.Acknowledgments
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